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Summary
The intracellular trafficking of the Notch ligand Delta
plays an important role in the activation of the Notch
pathway. We have addressed the snail-dependent reg-
ulation of Delta trafficking during the plasma mem-
brane growth of the mesoderm in the Drosophila em-
bryo. We show that Delta is retained in endocytic
vesicles in the mesoderm but expressed on the sur-
face of the adjacent ectoderm. This trafficking pattern
requires Neuralized. We developed a protocol based
on chromosomal deletion and microarray analysis
that led to the identification of tom as the target of snail
regulating Delta trafficking. Snail represses Tom ex-
pression in the mesoderm and thereby activates Delta
trafficking. Overexpression of Tom abolishes Delta
trafficking and signaling to the adjacent mesoecto-
derm. Loss of Tom produces mesoderm-type Delta
trafficking in the entire blastoderm epithelium and an
expansion ofmesoectodermgene expression.Wepro-
pose that Tom antagonizes the activity of Neuralized
and thus establishes a sharp mesoderm-mesoecto-
derm boundary of Notch signaling.
Introduction
Notch is an evolutionarily conserved transmembrane re-
ceptor that specifies cell fate in a wide variety of tissues
through local cell-cell interactions (Artavanis-Tsakonas
et al., 1999). Upon binding to its transmembrane ligands
(Delta-Serrate-Lag2), Notch receptors undergo succes-
sive proteolytic cleavages (Schweisguth, 2004). This
leads to the release of the Notch Intra-Cellular Domain
(NICD), which acts in the nucleus as a transcriptional
regulator (Bray and Furriols, 2001) and of the Notch Ex-
tra-Cellular Domain (NECD), which seems to undergo
transendocytosis in the signal-sending cell (Parks
et al., 2000). The activation of the Notch pathway is
tightly regulated by both transcriptional as well as post-
transcriptional mechanisms. Genetic studies in Dro-
sophila melanogaster and C. elegans indicate that
*Correspondence: ewieschaus@molbio.princeton.edua small difference in receptor or ligand expression is suf-
ficient to bias Notch signaling (Greenwald, 1998; Heitzler
and Simpson, 1991). Such differences can be deter-
mined either stochastically (lateral inhibition) or geneti-
cally (inductive interactions). In the latter case, the differ-
entiation program of the signal-sending cell provides the
information necessary to establish signal polarity.
A surprising and poorly understood finding is that the
internalization of Delta in the signal-sending cell is re-
quired to activate signaling in the receiving cells (Itoh
et al., 2003). The observation that the NECD is internal-
ized along with Delta led to the proposal that Delta inter-
nalization helps processing the Notch receptor in the re-
ceiving cell and may therefore be essential for
production of NICD and signal activation (Parks et al.,
2000). Delta internalization requires the activity of Neu-
ralized, which catalyzes Delta ubiquitination and its sort-
ing to endocytic vesicles (Lai et al., 2001; Pavlopoulos
et al., 2001). Neuralized expression and activity must
therefore be tightly regulated in order to establish the
correct spatio-temporal pattern of Delta trafficking.
The mesoderm-specific activation of Delta trafficking
(Morel et al., 2003) during the plasma membrane growth
of the cellularizing Drosophila embryo offers the oppor-
tunity to follow membrane trafficking in what approxi-
mates an in vivo pulse-chase experiment. The Drosoph-
ila melanogaster embryo develops under the control of
maternally provided proteins as a syncytium. At nuclear
cycle 14, the embryo begins a process of cellularization
and shows the first morphological consequences of zy-
gotic gene activity (Wieschaus, 1996). The concomitant
activation of transcription and formation of cell mem-
branes allows the establishment and maintenance of
gene activities at a single cell resolution. Membranes
may also contribute to the complexity of the program-
ming by influencing the transcriptional state of adjacent
nuclei through cell-cell signaling pathways. Because zy-
gotic transcription is required for cellularization, it can
directly influence the differentiation of the plasma mem-
brane by differentially regulating the distribution of pro-
teins and lipids in different cell types. The activity of the
transcription factor snail provides an excellent entry
point for the understanding of the molecular mecha-
nisms linking cell fate specification, plasma membrane
differentiation, and signaling.
The zygotic expression of snail in the ventral region of
the embryo is required for mesoderm specification and
morphogenesis (Leptin, 1991). In addition, snail is re-
quired for positioning Notch signaling at the meso-
derm-mesoectoderm boundary by poorly understood
mechanisms (Cowden and Levine, 2002). Notch and
Delta are maternally provided, and their ubiquitous ex-
pression cannot account for mesoectoderm-specific
gene expression in the one-cell-wide stripes that flank
the mesoderm (Hartenstein et al., 1992). Interestingly,
snail is required for the neuralized-dependent activation
of Delta trafficking in the mesoderm, and the zygotic ex-
pression of neuralized is required for mesoectoderm
specification (Morel et al., 2003). However, snail does
not regulate neuralized expression, indicating that
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tion of Delta trafficking.
In this study we took advantage of the concomitant
activation of Delta trafficking and growth of the plasma
membrane to follow the snail-dependent regulation of
Delta trafficking over time. Our results provide direct
molecular insight into how patterning genes modulate li-
gand-receptor trafficking and thus regulate Notch sig-
naling.
Results
Time Course Analysis of Delta Trafficking
in the Mesoderm
During cellularization, the plasma membrane surface
area of theDrosophila embryo increases 30-fold in a pro-
cess that involves both new membrane synthesis and
movement of previously existing plasma membrane
from the apical to the newly formed lateral cell interfaces
(Lecuit and Wieschaus, 2000). To follow the intracellular
trafficking ofDeltaprotein during this process, westained
cycle 14 embryos with anti-Delta and compared its distri-
butions to that of the GFP-tagged FYVE finger probe.
This probe labels the posphatidyl-inositol 3 phosphate
PI(3)P sorting endosomes, the first membrane compart-
ment transited by cargo internalized from the cell surface
(Sonnichsen et al., 2000). To obtain the highest apical-
basal resolution, we did not use surface views of whole-
mount embryos, but instead characterized all staining
patterns in hand-sectioned embryos in which the entire
cross-section could be observed in the same focal plane.
At the beginning of cycle 14, Delta protein is uniformly
localized to the plasma membrane around the entire cir-
cumference of the embryo, as well as to a population of
vesicles immediately below that surface (Figure 1A).
These early Delta vesicles do not colocalize with the
FYVE finger probe (Figure 1A), indicating that they have
not yet entered the sorting endosomes. They may repre-
sent Delta proteins en route to the plasma membrane. By
mid cellularization, we see Delta incorporated into lateral
surfaces of forming cells in most of the blastoderm
(Figure 1B). Cells forming in the ventral region, however,
show both a distinct reduction in the incorporation of
Delta in the lateral surface compared to other regions
of the embryo and an accumulation of Delta containing
vesicles at and below the level of the nuclei (Figure 1B).
Double-labeling experiments indicate approximately
40% of the Delta-positive vesicles colocalized with the
FYVE endocytic marker, suggesting that they are of en-
docytic origin. The extracelluar domain of Notch showed
a vesicular pattern in the mesoderm that completely co-
localizes with Delta (Figures 1D–1F). Similar colocaliza-
tion between NECD and Delta has been observed in
a range of tissues and has been interpreted to reflect sig-
naling interactions in which the cleaved extracellular por-
tion of the receptor is internalized in the signaling cell.
This pattern persists in the mesodermal precursors
during most of cellularization. By the end of cellulariza-
tion and beginning of gastrulation, internalized Delta-
containing vesicles are no longer observed in most of
the mesoderm (Figure 1C). Since levels of Delta cell sur-
face staining are still extremely low relative to the adja-
cent ectoderm, we assume that the vesicles have not
been incorporated into the surface, but instead havebeen degraded. Internal vesicles are still evident in the
two-to-three most lateral cells of the mesoderm, where
the amount of Delta–FYVE finger and Delta-NECD cola-
beling persisted (Figures 1C and 1F).
Neuralized has been shown to regulate Delta internal-
ization in the signal-sending cell (Le Borgne and
Schweisguth, 2003). Consistently, in neuralized2/2 em-
bryos, both Delta and NECD vesicles did not form
(Figure 1G). We next asked whether snail, which was
previously shown to regulate Delta trafficking in the me-
soderm (Morel et al., 2003), is also required for NECD
trafficking. In snail2/2 embryos, NECD was no longer lo-
calized to internal vesicles (Figure 1H). In summary, we
conclude that Delta and NECD cotraffic in the meso-
derm in a neuralized- and snail-dependent manner.
Given that snail is a transcription factor, it must act indi-
rectly. We therefore sought to identify the downstream
target(s) of snail responsible for the regulation of Delta
and NECD trafficking.
The left Arm of the Third Chromosome Provides
the Zygotic Information Necessary to Restrict Notch
Trafficking to the Mesoderm
To identify snail target genes, we undertook a combina-
tion of genetic and genomic approaches. Since snail
acts as a transcriptional repressor, we reasoned that it
might block the mesoderm expression of a gene that in-
hibits trafficking of Delta and NECD from the cell surface
in the ectoderm. Because snail is a transcription factor,
its target(s) must be zygotically expressed in the early
embryo. Therefore, the removal of the target gene
should result in an extension of a cytoplasmic Delta-
NECD-positive vesicle along the entire dorsal-ventral
axis of the embryonic epithelium. InDrosophila, it is pos-
sible to genetically ablate each of the three major chro-
mosomes by using compound chromosome stocks. The
mutant embryos develop normally until cycle 14, when
the first activities of the zygotic genome become neces-
sary. Mutant embryos can be recognized by the specific
phenotype associated with the lack of each chromo-
somal arm. We generated embryos deficient for the X
chromosome, 2L, 2R, 3L, and 3R chromosomal arms
and stained them for Delta and NECD. Consistent with
the aforementioned hypothesis, we found that in 3L2
embryos, the NECD and Delta (data not shown) vesicles
are detected along the entire embryonic epithelium
(Figure 2A). In 3R2 and 2L2 embryos, no NECD and Delta
vesicles were observed. Given that snail and neuralized
are localized on 2L and 3R, respectively, we attributed
this result to the lack of these two genes.
Identification of the bearded Genes as the 3L snail
Targets Regulating Notch-Delta Trafficking
The left arm of the third chromosomes contains 2614
predicted open reading frames. To identify 3L-depen-
dent expressed genes, we reasoned that if a gene is ex-
pressed zygotically, removal of the DNA templates
where this gene is localized should result in reduction
of the corresponding transcript. We set up conditions
to compare the expression profile of cycle 14 wild-type
embryos to that of embryos lacking the third chromo-
some (3L3R2) using microarrays.
In order to obtain synchronous populations of tran-
scripts, embryos were hand selected and staged by
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259Figure 1. Time Course Analysis of Delta and NECD Trafficking during Mesoderm Invagination
(A–C) Embryos ubiquitously expressing the GFP–myc-2xFYVE finger probe were fixed and stained using anti-Delta antibodies and anti-GFP an-
tibodies. Cross-sectioned embryos were imaged using confocal microscopy and are oriented with the ventral side toward the bottom of the fig-
ure. Double labeling with the FYVE finger probe is shown to the right side of the images and corresponds to the area indicated by the arrowhead
(Delta is red and FYVE is green; colocalization is yellow). Note the dynamic pattern of Delta vesicles formation: first uniform (A), then polarized to
the ventral side (B), and by the end of mesoderm invagination, restricted to the most lateral cells of the mesoderm (C).
(D–F) Double labeling of NECD (green) and Delta (red). NECD and Delta colocalized (yellow) throughout mesoderm invagination.
(G and H) In neuralized2/2 (G) and snail 2/2 (H), no NECD vesicles were observed, and the plasma membrane shows a uniform staining with no
dorsal-ventral differences.visual inspection based on their morphology. The re-
sults of these experiments are shown in Figure 2B. At
a 3-fold cut-off value, 489 genes are less abundant
than in wild-type. Eighty-five percent of these RNAs
are encoded by genes located on the third chromosome
(Figure 2B), indicating that they are normally supplied byzygotic transcription: removal of the third chromosome
eliminates the DNA templates for such transcription,
and the transcripts are not made.
We next set up conditions to identify early snail tar-
gets by recombining the snail mutations with the halo
deficiency (Gross et al., 2003), to allow identification of
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260Figure 2. Mapping the Zygotic Genes Re-
sponsible for Restricting Notch Trafficking
(A) Wild-type (WT) embryos (left panel) and
3L2 embryos (right panel) were stained with
NECD antibodies and imaged using confocal
microscopy.
(B) Microarray analysis of embryos lacking
the third chromosomes. The left panel shows
the scatter plot representation of this analy-
sis. The genes, which were downregulated
in the 32 collection compared to control em-
bryos maps predominantly to the third chro-
mosomes (right panel).
(C) Microarray analysis of snail2/2 embryos.
Right panel shows the 22 genes on 3L, which
are both upregulated in snail2/2 embryos and
zygotic. Red arrow indicates the genomic re-
gion in 71A (mapped using translocational
crosses, lower panel), which, when deleted,
recapitulated the 3L2 Notch vesicle pheno-
type.
(D) In situ hybridization analysis of snail, tom,
brd, and bob. Embryos are oriented with the
anterior toward the left and the dorsal up-
wards.homozygous Snail2/2 embryos during the early stage of
cycle 14 when they do not show any obvious pheno-
types. As a complementary approach, we also gener-
ated embryos that ubiquitously overexpressed snail, us-
ing the UAS/GAl4 system. Mutant embryos were hand
selected and their expression profile compared to that
of wild-type embryos and embryos ubiquitously overex-
pressing snail (Figure 2C). These experiments identified
267 genes upregulated in snail2/2 embryos relative to
the UAS overexpression. We next asked how many ofthe snail targets were also identified as zygotic ex-
pressed genes on 3L: only 22 genes were common to
both conditions and therefore possible candidates in
the regulation of Delta trafficking (Figure 2C).
Using translocation crosses and a combination of de-
ficiencies, we further mapped a 100 kb genomic region
in 71A (Df (3L) Brd12), which, when deleted, recapitu-
lated the 3L2 phenotype (Figures 2C, 3A, and 3B). Within
this region, only four genes were snail targets and zy-
gotic. They all belong to the bearded family: tom, brd,
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261Figure 3. Deletion of the 71A Region Containing the bearded Genes Reproduces the 3L2 Notch-Vesicle Phenotype and Tom Overexpression
Abolishes Notch and Delta Trafficking
Embryos were stained with anti-NECD antibodies (A–C) or anti-Delta antibodies (D–G) cross-sectioned and imaged using confocal microscopy.
Images are oriented with the ventral side of the embryo toward the bottom. In the Brd deficiency (A), Df (3L)Brd12, the NECD show a uniform
vesicular distribution (arrowheads), which recapitulates the 3L2 phenotype (B). Overexpression of Tom alone in the 3L2 background impeded
the formation of NECD vesicles (C). Tom overexpression in WT embryos also blocks the formation of Delta vesicles (compare D with E).bob, and ocho. They were previously identified as down-
stream targets of Notch, which redundantly antagonize
Notch signaling (Lai et al., 2000a, 2000b).
In situ hybridization analysis (for tom, brd, and bob)
confirmed that their spatio-temporal expression profile
matches exactly with both the snail and zygotic microar-
ray experiments (Figure 2D). They are not expressed
maternally and their expression peaks at cycle 14 (zy-
gotic genes). Most importantly, they are not expressed
in the mesoderm, and their expression is exactly com-
plementary to that of snail (Figure 2D). In summary, the
data so far obtained are consistent with the idea that
the bearded genes antagonize the intracellular traffick-
ing of Delta and NECD in the ectoderm. Interestingly,
tom was identified as a neuralized interacting partner
in the yeast-global two hybrid screen (Giot et al.,
2003), providing a direct molecular link between these
two genes. We therefore focused the next series of ex-
periments on this gene.
To test the activity of Tom in the mesoderm, we used
the UAS/Gal4 system to drive uniform overexpression of
Tom during cycle 14 and tested whether under this con-
dition the formation of Delta vesicles in the mesoderm is
impaired. Confocal microscopy imaging showed that
Delta was no longer localized to internal vesicles in the
mesoderm, giving rise to a uniform plasma membrane
labeling (Figures 3D and 3E). We next asked whether
the tom overexpression phenotype is dependent on
the other brd genes and whether its overexpressionwould block the formation of the uniform NECD vesicles
observed in 3L2 embryos. We generated embryos lack-
ing the entire left arm of the third chromosomes and
overexpressed Tom under the control of the UAS/Gal4
system. tom overexpression was sufficient to block
the formation of NECD vesicles in the 3L2 mutant em-
bryos (Figure 3C) and to reestablish the ectoderm-spe-
cific patterning of Delta and NECD trafficking.
The bearded Genes Are Required to Restrict
Mesoectoderm Gene Expression
The tom overexpression phenotype is consistent with
the idea that tom counteracts the activity of neuralized
in the regulation of NECD-Delta trafficking. To further
test this model, the effect of tom overexpression on
mesoectoderm specification was assayed by following
the expression of the sim gene. In early cycle 14 em-
bryos, sim is expressed in a discontinuous pattern along
the A-P axis, with several gaps in the region of the trunk
and of the anterior domain where the cephalic furrow will
form (Figure 4A). By the end of cellularization, all the
gaps are filled, and sim is expressed as two stripes of
single cells on either side of the mesoderm (Figure 4B).
The mechanisms that precisely position sim expression
to one single row of cells are poorly understood and in-
volve the interplay between the maternal Dorsal nuclear
gradient, snail, and neuralized (Cowden and Levine,
2002). In neuralized mutant embryos, sim is no longer
expressed (Morel et al., 2003). Consistent with its effect
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262Figure 4. The bearded Genes Are Required to Restrict the Expression of sim to the Mesoectoderm
In situ hybridization analysis. In the early blastoderm embryos, sim is expressed in a single row of cells abutting the mesoderm at irregular in-
tervals along the A-P axis (arrowheads in [A]). By the end of cellularization, the expression of sim becomes continuous (B). In the bearded de-
ficiency, Df (3L) Brd12, ectopic sim-expressing cells appear on the dorsal side of the mesoectoderm at irregular intervals along the A-P axis (ar-
rowheads in [E], note the dorsal extension in the region of the cephalic furrow). This phenotype gets more pronounced by the end of mesoderm
invagination (G). In wt embryos, the two rows of mesoectoderm cells join in the midline forming a regular line of cells (D); in the mutant embryos
the expression of sim is extended dorsally along the entire A-P axes (G). Overexpression of Tom abolished sim expression in both WT embryo (C)
and in the brd deficiency (F). (H–J) neuralized expression during ventral furrow invagination. neuralized is expressed on the ventral side of the
embryo at the blastoderm stage (cross-section, I ventral to the bottom). However, its expression is extended dorsally in a stripes pattern (H). By
the end of mesoderm invagination, the expression of neuralized is no longer limited to the mesoderm but extends to the lateral ectoderm (J).on vesicles trafficking, tom overexpression completely
abolished sim expression (Figure 4C). Thus, we con-
clude that Tom overexpression impaired mesoectoderm
specification, at least with regard to the expression of
sim.
We next analyzed the expression of sim in the tom de-
ficiency (Df (3L) Brd12). At late cellularization stages, we
observed only minor expansions of sim expression; i.e.,
occasional ectopically expressing cells dorsal to the
mesoectoderm in the region of the trunk and of the ce-
phalic furrow (Figure 4E). By the end of gastrulation,
however, the expression of sim was no longer limited
to a single row of cells as in wild type (Figure 4D), but
had expanded into a prominent dorsal extension (Fig-
ure 4G). Overexpression of tom in the deficiency back-
ground completely abolished sim expression (Figure
4F), again indicating that tom is sufficient to antagonize
the deficiency phenotype. The observation that NECD
vesicles extend into the lateral ectoderm of tom defi-
ciency embryos implies that neuralized, although re-
quired for sim expression, is not sufficiently sharp to ac-
count for the dorsal limit of that expression. In situ
hybridization of neuralized probe to early embryos sup-
ports that conclusion. At cycle 14, neuralized is ex-
pressed in the region of the ventral furrow (Figure 4I),
but its expression is not snail dependent and does not
correspond precisely to the snail expression boundary.
We observe significant neuralized expression in the lat-
eral ectoderm in a faintly modulated striped patternalong the A-P axis on of the embryo (Figure 4H). By
the end of mesoderm invagination, when the sim pheno-
type is most dramatic, the expression of neuralized is no
longer limited to the ventral side, but has extended to the
dorsal side (Figure 4J).
Based on these results, we propose that tom, whose
expression in the mesoderm is repressed by snail, can
antagonize the activity of neuralized and so might estab-
lish a sharp mesoderm-mesoectoderm boundary of
neuralized activity. Such a boundary would be neces-
sary to precisely position Notch signaling during meso-
ectoderm specification.
Discussion
The Neuralized-dependent trafficking of Delta in the sig-
nal-sending cell is required for Notch activation in the re-
ceiving cell. Therefore, the activity of Neuralized must be
tightly controlled between the signal-sending and sig-
nal-receiving cell in order to ensure the correct pattern
of Delta trafficking and signal polarity. Here we have fol-
lowed the snail-mediated modulation of Delta trafficking
during the cellularization of the Drosophila embryo. The
concomitant formation of cell membranes and activa-
tion of zygotic transcription offered some unique advan-
tages for the experiments described in this work. Most
importantly, the growth of the plasma membrane is
timed with the zygotic expression of snail and neuralized
and thus allowed a precise staging protocol.
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mesoderm-specific trafficking of Delta by repressing the
expression of tom, and presumably of the other brd
genes. In the ectoderm, where the brd class genes are
expressed and snail is not, Delta and NECD have a pre-
dominantly cell surface localization. Obvious endocytic
vesicles containing these proteins do not accumulate
in ectodermal cells. Such vesicles do form in the meso-
derm where Snail represses tom expression, and in
tom2/2 embryos, where the NECD-Delta vesicles extend
into the ectoderm. The vesicular trafficking of Delta and
NECD characteristic of mesodermal cells requires the
ubiquitin ligase Neuralized. Overexpression of Tom re-
capitulates the loss of function phenotype of neuralized,
consistent with the view that Tom may normally function
by opposing the role of Neuralized in Delta trafficking.
Neuralized expression is dynamic and extends to the
lateral region of the embryo, beyond the mesoderm ec-
toderm boundary (Figures 4I and 4J). Thus, on its own it
cannot explain the restriction of vesicles to the meso-
derm. We propose instead that Tom creates a functional
boundary for Neuralized by suppressing its activity in
the ectoderm. In agreement with this model, in tom2/2
embryos the expression of the mesoectoderm gene
sim is extended dorsally.
The expression of sim is regulated by the maternal
Dorsal nuclear gradient that directly or indirectly spec-
ifies all ventral cell fates (Rusch and Levine, 1996). The
mechanisms that precisely position sim expression to
one row of cells, however, are not completely under-
stood. sim can respond to the Dorsal gradient and can
in principle be expressed in the entire ventral region of
the embryo (Kasai et al., 1998). Recent studies suggest
that Notch signaling restricts the expression of sim to
the mesoectoderm by relieving Suppressor of Hairless
[Su(H)]-mediated repression of sim. Su(H) is uniformly
distributed throughout the early embryo and represses
sim expression in the ectoderm (Morel and Schweis-
guth, 2000).
The precision of sim expression and its one cell diam-
eter reflect the bias that zygotic expression of tom intro-
duces on maternal Notch signaling in that region of the
embryo. If the mesoderm cells that do not express
Tom are the only cells that retain Neuralized activity
and can internalize Delta ligand, they might be the only
cells capable of sending signal. The snail repression
will allow sim expression outside the mesoderm, and
thus only those cells could be effective signal recipients.
According to this model, the last snail-expressing cell of
the mesoderm becomes the signal-sending cell and its
immediate dorsal neighbor becomes the signal-receiv-
ing cell; i.e., the mesoectoderm. In the absence of
Tom, the dynamic expression of Neuralized, which ex-
tends dorsally, would make more cells competent to
send Notch signal. Indeed, the dorsal expression of
sim is more pronounced at the end of mesoderm invag-
ination at the time when the expression of Neuralized
has extended to the neuroectoderm.
The molecular mechanisms by which Tom functions
are most likely related to its interaction with Neuralized,
which has been recently demonstrated in the yeast-two
hybrid genomic screening (Giot et al., 2003). Tom may
inhibit the ubiquitin ligase activity of Neuralized or it
could compete for the interaction between Delta andNeuralized. Future work will be necessary to discrimi-
nate between these two possibilities. It will also be im-
portant to test the activity of the other Brd family mem-
bers in the regulation of Neuralized activity. At least eight
bearded like genes (m2, m4, m6, ma, bob, brd, tom, and
ocho) have been identified in the Drosophila mela-
nogaster genome (Lai et al., 2000a; 2000b). An interest-
ing possibility is that different genes in this family have
different effects on Delta trafficking. Any difference




Embryos were visually staged under a regular dissecting micro-
scope, dechorionated for 2 min in 5.25% sodium hypochlorite
(bleach, Austins), washed in water, and frozen in 1 ml of heptane
(Sigma) using a dry ice/ethanol chamber. Total RNA was extracted
with TRIzol (Invitrogen), and 10 mg of RNA (approximately 100 em-
bryos) was used to synthesize cRNA according to affymetrix proto-
col. Each array (standard format: Drosophila genome 1, Affymetrix)
was probed with 15 mg of biotinilated cRNA for 16 hr in a 45ºC
oven. Arrays were washed and stained using the GeneChip Fluidics
Station (Affymetrix) according to the EukGE-WS2 protocol. Subse-
quently, the arrays were scanned with an Argon-ion laser scanner
(Affymetrix). Data were analyzed using the Genespring (Silicon Ge-
netics) software.
Immunostaining, Image Analysis, and In Situ Hybridization
Embryos were dechorionated for 2 min in bleach and fixed in 4%
paraformaldehyde (Electron Microscopy Science, Hatfield, PA)-
Heptane for 20 min. Stained embryos were cross-sectioned by
hand in 70% glycerol and mounted in aquapolymount (Polyscience,
Warrington, PA). Images were acquired with a PerkinElmer spinning
disk confocal microscope equipped with a 403 (na 1.3) oil immer-
sion objective (Nikon). The amount of Notch, Delta, and FYVE vesic-
ular colocalization was quantified using MATLAB.
Antibodies: mouse anti-extracelluar Notch EGF repeats-12-20
(Development Studies Hybridoma Bank, DSHB) (1:20 dilution);
mouse anti-Delta (DSHB) C594.9B (1:20); mouse anti-intracellular
Notch C17.9C6 (1:15) (DSHB). Guinea-pig (1:2000) anti-Delta (gift
from M. Muskavitch). Rabbit anti-GFP (1:2000) (Torrey Pines Biol-
abs, CA); rabbit anti-b-galactosidase 1:2000 (Chemicon). All sec-
ondary antibodies were Alexa-conjugated (Molecular probes) and
were used at 1:500 dilution.
In situ hybridizations were performed as previously described
(Kosman et al., 2004; Morize et al., 1998).
Genetics and Flies Stocks
WT flies were Oregon-R. tom was ectopically expressed using the
UAS-tom 287 line (III) or UAS-tom 288 (II) (Lai et al., 2000a) and the
mataTub-Gal4VP16 67C;15 driver. The Df (3L) Brd12 (5357) (Bloo-
mington Drosophila Stock Center) was balanced over TM3Sb,
hblacz. The halo deficiency is Df(2L)dpp[s7-dp35] 21F1-3;22F1-2
(Gross et al., 2003). The neuralized2/2 is the translocation FA11,
break points in 84C-87. The snail allele is 2G05. The FYVE probe is
UAS GFP–myc-2xFYVE (Wucherpfennig et al., 2003).
Compound chromosomes and translocation: embryos with no X
chromosome were obtained by crossing attached-X/Y females to
X/Y males. The stock used was C(1) DX, y f (Wieschaus and
Sweeton, 1988). The compound II chromosomes RM(2L); RM(2R)=
C(2)v and the compound III chromosome C(3L)st; (C3R)e were
used to generate 2L2 and 2R2 and 3L2 and 3R2 embryos (Merrill
et al., 1988). The compound III chromosomes stock was used in
crosses with Y-autosome translocations to generate deficiency em-
bryos distal to the breakpoint in one-eighth of the progeny.
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